Diamond-like carbon ͑DLC͒ nanocomposite films were deposited at room temperature by inductively coupled plasma chemical vapor deposition using hexamethyldisilane ͑HMDS͒, hexamethyldisilazane ͑HMDSN͒, and hexamethyldisiloxane ͑HMDSO͒ precursors. High-resolution transmission electron microscopy showed that all the films contained nanoparticles. The DLC nanocomposite films deposited by HMDS contained hollow spherical nanocrystallites, called nanoballs, of hexagonal silicon carbide. The nanocomposite films deposited by HMDSN contained crystalline Si 3 N 4 nanoparticles. The nanocomposite films deposited by HMDSO contained amorphous SiO x nanoparticles. Although both types of films had similar hardness, the DLC nanocomposite films exhibited much lower compressive stresses than the DLC films deposited by methane, i.e., 1.5 vs 11 GPa, respectively. Through the enhancement of gas phase reactions, the inductively coupled plasma should be responsible for the formation of nanoparticles in the nanocomposite films. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1576909͔ Diamond-like carbon ͑DLC͒ or amorphous carbon has received extensive interests due to its fundamental and technological importance. DLC films have unique properties such as extremely high hardness, atomic-level smoothness, very low friction coefficients, excellent abrasion resistance, negative electron affinity, chemical inertness, and optical transparency in the infrared range.
Diamond-like carbon ͑DLC͒ nanocomposite films were deposited at room temperature by inductively coupled plasma chemical vapor deposition using hexamethyldisilane ͑HMDS͒, hexamethyldisilazane ͑HMDSN͒, and hexamethyldisiloxane ͑HMDSO͒ precursors. High-resolution transmission electron microscopy showed that all the films contained nanoparticles. The DLC nanocomposite films deposited by HMDS contained hollow spherical nanocrystallites, called nanoballs, of hexagonal silicon carbide. The nanocomposite films deposited by HMDSN contained crystalline Si 3 N 4 nanoparticles. The nanocomposite films deposited by HMDSO contained amorphous SiO x nanoparticles. Although both types of films had similar hardness, the DLC nanocomposite films exhibited much lower compressive stresses than the DLC films deposited by methane, i.e., 1.5 vs 11 GPa, respectively. Through the enhancement of gas phase reactions, the inductively coupled plasma should be responsible for the formation of nanoparticles in the nanocomposite films. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1576909͔ Diamond-like carbon ͑DLC͒ or amorphous carbon has received extensive interests due to its fundamental and technological importance. DLC films have unique properties such as extremely high hardness, atomic-level smoothness, very low friction coefficients, excellent abrasion resistance, negative electron affinity, chemical inertness, and optical transparency in the infrared range. [1] [2] [3] Their applications include hard transparent optical coatings, wear-resistant films in precision machining, abrasion-resistant films in microelectromechanical systems and low-k dielectric films in integrated circuits. The extremely high hardness of the DLC film is usually accompanied with a high compressive stress, tending to delaminate the film from the substrate. Thus, the thickness of the DLC film is usually limited within 1-2 m, greatly restricting its applications. In order to reduce the film stress without sacrificing the hardness, much attention has recently been paid to controlling the nanostructure of the DLC film. 4 -7 Siegal et al. reported that the high compressive stress ͑6 -12 GPa͒ of the amorphous tetrahedral diamondlike carbon (a-tC) film deposited at room temperature can be relieved by postannealing at 600°C. [8] [9] The hightemperature postannealing alters the carbon-carbon bonding forming carbon nanoclusters, as observed by high-resolution transmission electron microscopy ͑HRTEM͒. However, multiple annealing steps are necessary for growing thick a-tC films, since before annealing the thickness of the film deposited at room temperature should not exceed 0.2 m. Amaratunga et al. 10 deposited a-tC films containing fullerene-like carbon onions using a local high-pressure carbon arc method. The carbon nanocomposite films deposited have high hardness and elastic recovery. In this letter, the DLC nanocomposite films containing SiC, Si 3 N 4 , and SiO x nanoparticles have been deposited using hexamethyldisilane ͑HMDS͒, hexamethyldisilazane ͑HMDSN͒, and hexamethyldisiloxane ͑HMDSO͒, respectively, employing the inductively coupled plasma ͑ICP͒ chemical vapor deposition ͑CVD͒ method. Our results show that the compressive stress of the nanocomposite film is greatly reduced.
The ICP was generated by a 13.56 MHz rf power supply to dissociate and ionize the gas precursors. The substrate was placed on a water-cooled holder and negatively biased at 400 V by a pulse power supply ͑33 kHz, 80% duty cycle͒. The DLC nanocomposite films were deposited at a pressure of 1 mTorr and a rf power of 400 W using HMDS, HMDSN, and HMDSO as the gas precursors, and the conventional DLC films were deposited using CH 4 reactant at the same conditions. Raman spectra were obtained at room temperature by a DILOR monochromator using 514.5 nm emission from an argon ion laser at 150 mW. The film structure was characterized by a high-resolution transmission electron microscope ͑JEOL JEM 4000 EX, 400 kV͒. After measuring the bending of the coated substrate with a surface profilometer, the film stress was calculated using the Stoney's equation. The hardness of the film was measured by nanoindentation. The ICP plasma was characterized by a Langmuir probe, and the results are listed in Table I . The electron temperature was slightly varied with the rf power. And the electron density gradually increased with increasing the rf power. The plasma density during the film deposition was 1.2ϫ10
11 cm Ϫ3 at a rf power of 400 W. The high plasma density was favorable for increasing the concentration of reactive species and enhancing the gas phase reactions. Raman spectra of the DLC nanocomposite films deposited by HMDS, HMDSN, and HMDSO are shown in Figs. 1͑a͒, 1͑b͒, and 1͑c͒, respectively. Both the G bands and the D bands of the DLC nanocomposite films shifted toward lower wave numbers, as compared with the conventional DLC film deposited by methane. As pointed out by Tamor et al., 11 the increase of the concentration of sp 3 carbon in the film induces the shift of the G band to a lower wave number. Therefore, the DLC nanocomposite films should have higher concentrations of sp 3 carbon than the conventional DLC film. Furthermore, field-emission scanning electron microscopy showed that the cross sections of the films deposited by HMDSN and HMDSO were not eroded after etching in HF/HNO 3 /H 2 O ͑1:5:2 in volume͒ solution, suggesting that the DLC nanocomposite films were quite inert.
The bright field HRTEM images of the DLC nanocomposite films deposited by HMDS, HMDSN, and HMDSO are shown in Figs. 2͑a͒, 2͑b͒ , and 2͑c͒, respectively. Nanoparticles embedded in amorphous DLC matrices were detected in all the films. As shown in Fig. 2͑a͒ , hollow spherical nanoparticles, nanoballs, were observed inside the DLC matrix in the films deposited by HMDS. The selected area diffraction ͑SAD͒ of the nanocomposite films consisted of diffraction ring patterns, indicating the crystalline nature of nanoparticles. The diffraction patterns were consistent with hexagonal silicon carbide phase from JCPDF. The lattice image of the nanoparticle showed that the distance between the lattice planes was 0.35 nm, corresponding to h-SiC ͑0 0 4͒ planes. Therefore, the films deposited by HMDS consisted of nanoball crystallites embedded in the DLC matrix.
As shown in Fig. 2͑b͒ , the sizes of nanoparticles in the films deposited by HMDSN were between 5 and 20 nm. The SAD patterns of the nanoparticles showed that the d spacings between lattice planes were consistent with those of the hexagonal silicon nitride crystallites. The d spacing calculated from the high resolution lattice image of the nanoparticle was 0.21 nm, corresponding to h-Si 3 N 4 ͑1 2 8͒ planes. On the other hand, the diffraction patterns of the nanoparticles in the films deposited by HMDSO were blurry, suggesting that the nanoparticles were amorphous. Both Si and O compositions were also analyzed by energy dispersion spectroscopy. The results showed that the nanoparticles in the films deposited by HMDSO were made of amorphous SiO x , where x was around 2.
The molecular formula of HMDS, HMDSN, and HMDSO are, respectively, 
These gas precursors consist of
and Si-N bonds. The bond strengths are listed in Table II . 12 The electron temperature at a rf power of 400 W was 4.3 eV ͑from Table I͒ , which tends to break C-H, N-H, and Si-Si bonds easily but is more difficult to break Si-C, Si-N, and Si-O bonds ͑see Table II͒ . Therefore, during film growths, the C-H, N-H, and Si-Si bonds of the precursors were preferentially broken, and after multiple gas phase collisions the silicon-containing clusters like (SiC) x , (SiN) y , and (SiO) z were likely formed due to the high Si-C, Si-N, and Si-O bond strengths. The clusters were deposited together with carbon ions on the biased substrate forming SiC, Si 3 N 4 , or SiO x nanoparticles in the DLC matrix. It is suspected that the amorphous nature of the SiO x nanoparticles deposited by HMDSO may be due to the high Si-O bond strength.
Unlike those deposited by ICP CVD, the films deposited by capacitive rf plasma CVD using HMDS, HMDSN, and HMDSO did not contain nanoparticles, as characterized by HRTEM. The earlier suggests that the nanoparticles are likely formed through the gas phase reactions. ICP usually has a higher plasma density and lower electron temperature than the capacitive plasma, resulting in a higher concentration of free radicals and a higher degree of gas phase reaction. We used to observe that more powders were formed on the chamber wall using the ICP than using the capacitive plasma. Therefore, ICP promotes the formation of nanoparticles in the nanocomposite films deposited by HMDS, HMDSN, and HMDSO.
The DLC nanocomposite films deposited by HMDS, HMDSN, and HMDSO in the ICP had much lower residual stresses, around 1.5 GPa, than the conventional DLC films deposited by methane at the same growth conditions, 11 GPa. Not containing any nanoparticle, the DLC films deposited by HMDSO using the capacitive plasma also exhibited a very high stress, 12 GPa. The high compressive stress of the DLC film tended to cause the film adhesion failure, limiting the film thickness less than 1 m. Our results suggest that the incorporation of nanoparticles in the DLC film could greatly reduce the film stress without employing the high temperature annealing. The DLC nanocomposite films thicker than 5 m were thus deposited with good adherence. Furthermore, the DLC nanocomposite films and the DLC films deposited by methane have similar hardness values, around 25-30 GPa.
The nanoballs observed in the nanocomposite films deposited by HMDS are particularly interesting. Drucker et al. 13 used molecular beam epitaxy to grow Ge/Si quantum dot crystallites and obtained hollow nanostructure after thermal annealing. Komatsu et al. observed nanoballs by laser ablation of BN target.
14 Here we also grow nanoballs at room temperature using the inductively coupled plasma source. According to the theories by Lorke et al. 15 and Llorens et al., 16 the hollow nanoparticles, called quantum rings, exhibit special properties when applying the electric or magnetic field.
In conclusion, the DLC films containing SiC, Si 3 N 4 , and SiO x nanoparticles were deposited using HMDS, HMDSN, and HMDSO, respectively, using ICP at room temperature. By incorporation of the nanoparticles, the compressive stress of the DLC film was greatly reduced from 11 to 1.5 GPa without sacrificing the hardness value. Gas phase reactions promoted by the ICP were essential for the formation of nanoparticles in the nanocomposite films. 
